ANITA™Mox process was successfully applied to treat mainstream effluent with low COD content at both pilot-and prototype-scale using the Integrated Fixed-Film Activated Sludge (IFAS) configuration. The IFAS ANITA Mox unique feature of easy and robust separation system (i.e. media sieves) to retain anammox biomass in the reactor is a clear advantage for mainstream application. Continuous bioaugmentation strategies based on carriers recirculation and alternating feed between sidestream and mainstream have been developed to boost anammox activity and strongly repress the NOB. Preliminary pilot trials on low COD effluent from C-stage MBBR achieved NH 4 -removal rate of 0.8-1.3 gN/m 2 .d for operating temperature between 17-23°C. Results from a 50m 3 prototype where bioaugmentation strategy was implemented show efficient suppression of the NOB activity while achieving a NH 4 -removal rate up to 0.2-0.3 kgN/m 3 .d at 16-18°C. Additional studies are underway to further demonstrate the advantage of the IFAS ANITA Mox process for mainstream deammonification application and how this process can be integrated in a general WWTP scheme to deliver all the foresee benefits on energy recovery and OPEX savings.
INTRODUCTION
Deammonification combines nitritation and anammox processes to achieve autotrophic nitrogen removal. ANITA™Mox process is a singlestage deammonification process utilizing moving bed biofilm reactor (MBBR) technology. The biofilm on the MBBR carriers consists of multiple-layers, where anammox bacteria grow on the inner layer and Ammonia Oxidising Bacteria (AOB) grow on the outer layer. The MBBR systems are less sensitive to incoming total suspended solids (TSS), since solids flow through the non-clogging sieves (flow-through system) while carriers with anammox biomass are easily and securely retained in the reactor. Currently, a total of six full-scale ANITA™Mox plants are in operation both in Europe and the US. More plants are under design and construction in the US (Durham and Chicago WWTP) and in Europe (Finland, Germany, Slovenia, Switzerland) to treat both municipal and industrial nitrogen-rich effluents. Removal rates up to 1.2 kgN/m 3 .d can be achieved with this MBBR ANITA Mox process for sidestream reject water treatment in municipal application (Lemaire et al., 2013) .
The multiple-layer structure of the bioflm in the MBBR configuration provides a suitable environment for growth of both AOB and anammox in one reactor. However, it may present mass transfer limitations for substrates, such as dissolved oxygen (DO), nitrite (NO 2 ) and ammonia (NH 4 ). In fact, it has been observed that the capacity of the MBBR configuration is often limited by the first step, nitritation. The integration of the activated sludge and biofilm is an effective approach to improve single-stage biofilm deammonification processes because suspended growth is capable of enriching nitrifiers and improving the rate of nitritation at low DO levels due to less limitation on mass transfer. Two recent studies by Veuillet et al. (2014a) and Zhao et al. (2014) reported a significant improvement in N-removal rate in the integrated fixed-film activated sludge (IFAS) ANITA Mox configuration reaching up to 3 kgN/m 3 .d at both pilot-and full-scale level for sidestream treatment.
The next revolution in biological nutrient removal (BNR) at municipal WWTPs is to implement such deammonification system on the mainstream water line and not just on the sidestream where only 15-25% of the plant N-load can be treated with this cost-and energy-efficient process. Mainstream deammonification is gaining a lot of interest by water professionals and researchers worldwide as it provides a shift in paradigm for the wastewater industry. The possibility of removing most of the incoming nitrogen load without requiring large amounts of organic matter to denitrify opens new roads in the way we design and operate WWTP as described in Figure 1 . Most of the incoming particulate COD can be captured up-front using advanced primary treatment (chemical enhanced primary treatment -CEPT-, micro-screen filters,…) while the remaining soluble COD is removed in a high-rate biological process (HRAS, anaerobic/oxic -A/O-, biological aerated filter -BAF-, MBBR or even upflow anaerobic sludge blanket -UASB-for warm climate country) producing large amounts of fresh organic sludge for a small aeration cost. Both primary and secondary organic-rich sludge can then be sent to anaerobic digester (with or without thermal hydrolysis pre-treatment based on sludge characteristics) to increase biogas production and maximize the energy recovery through Combined Heat and Power (CHP) unit or direct biogas use. Successful implementation of deammonification on mainstream water line is therefore the key to achieve the ultimate goal of energy balance positive WWTP.
However, several challenges have still to be addressed before mainstream deammonification can be widely applied. Stinson et al. (2013) listed all the main challenges in a review paper on mainstream deammonification and plant energy neutrality: (i) low temperature, (ii) low substrate concentration, (iii) high COD/N ratio, (iv) ability to retain anammox in the system, (v) efficient nitrite oxidizing bacteria (NOB) washout and (vi) final effluent quality. Out of all these challenges, efficient NOB washout strategy and a robust and easy way to retain anammox in the system are seen as the most challenging ones Gustavsson et al., 2013; Wett et al., 2013; Val del Río et al., 2014) .
For mainstream deammonification applications, the IFAS ANITA Mox configuration provides an easy and purely mechanical solution to securely retain anammox biomass in the system with the combination of biofilm carriers and retention sieves. This fast and robust physical separation between anammox-rich biofilm carriers and nitrifiers-rich suspended sludge allows for easy control of the sludge age in the system and therefore better selective wash-out of NOB while retaining anammox. This IFAS configuration also has the advantage of being more tolerant towards soluble biodegradable COD (sbCOD) content allowing it to handle an influent with relatively high sbCOD/N-NH 4 ratio (Veuillet et al., 2014b) . Finally, the IFAS configuration can be readily retrofitted in existing activated sludge systems.
To further improve the growth and performance of the anammox bacteria under mainstream condition, a concept for continuous bioaugmentation of the mainstream IFAS configuration has been proposed (patent US8864993B2) as described in Figure 1 . Due to the easy separation of anammox-rich biofilm carriers and mixed liquor, it is therefore possible to transfer back and forth anammox-rich biofilm carriers from the sidestream ANITA Mox reactor to its mainstream counterpart (Figure 1a) . This action will allow for partial regeneration of the anammox biofilm due to the more favorable conditions in the sidestream reactor (higher T°C, higher NH 4 level, lower COD level). Carriers can be transferred between the sidestream and the mainstream reactors back and forth by a media circulation device (for example, airlift pumps).
Instead of physically recirculating the carriers, another approach has been proposed as described in Figure 1b . This approach alternates the feeding between the mainstream COD-treated effluent and the sidestream reject water to a multi-celled IFAS ANITA Mox system. As shown, one of the cells will receive the sidestream reject water for a period of time providing optimal conditions for anammox and is therefore temporarily considered as a sidestream system. The sidestream reject water is then switched to feed another IFAS cell while the mainstream COD-treated effluent is switched back to the cell which has previously been fed with the sidestream reject water. The carrier transfer flow rate ( Figure 1a ) will be controlled to maximize the bioaugmentation effect to the mainstream IFAS ANITA Mox reactor. In a similar way, the period of time during which a given IFAS cell receives a sidestream effluent ( Figure 1b ) will also be controlled. Operational Conditions: The MBBR operation (inflow rate and DO level) was adjusted based on local temperature (14-23°C) to produce an effluent suitable for the IFAS system with a targeted sCOD/NH4-N ratio of 1.5-2. No sidestream effluent was available to test the impact of bioaugmentation on the IFAS ANITA Mox during the reported period. This strategy will be tested later when sidestream effluent become available on site. During the period described here, the IFAS reactor was initially operated between at 23°C (typical summer condition for this WWTP) before gradually dropping to 17°C with the start of winter period (14-15°C expected later on). were used with a filling degree of 37%. The temperature of the reactor ranged between 15°C-28°C during the described period dependent on the type of wastewater fed to the reactor (mainstream or sidestream effluent based on bioaugmentation strategy described earlier). The DO in the reactor was controlled in the range of 0.2-0.8mgO 2 /L. Operational Conditions: Reject water was periodically supplied to the IFAS reactor to boost anammox activity and suppress NOB activity as described in the bioaugmentation strategy. Typically, 2 days of reject water feeding during the weekend followed by 5 days of mainstream water feeding.
DISCUSSION AND RESULTS ANALYSIS

IFAS ANITA Mox pilot-plant
The primary treated effluent from the local WWTP plant (Figure 3 ) was fed to a C-stage MBBR to remove a large portion of the sCOD and produce fresh organic sludge (i.e. for biogas production) that was separated downstream using a small drumfilter unit. The filtrate from the drumfilter was then fed into the IFAS ANITA Mox reactor. Despite the large variation of the sCOD load due to the primary effluent quality, the sCOD removal efficiency in this C-stage MBBR was between 50-70%. This COD removal stage was sufficient to produce an effluent for the IFAS reactor with a sCOD/NH 4 -N ratio close to the initial target of 1.5 as shown in Figure 5c . It should be noted that refractory sCOD level for this feed was between 20-30 mg/L based on the final treated effluent data obtained from the full-scale WWTP operation. The drumfilter TSS removal performance was around 45-55% in average.
The primary effluent from the full-scale conventional primary settler currently used to feed the C-stage MBBR will later be replaced by CEPT effluent coming from a Hydrotech drumfilter. The drumfilter pilot has a 40µm sieve opening with a goal of achieving 90% TSS removal with a flocculation step and 95% removal with coag/floc step. The C-stage MBBR will then be temporarily by-passed to see if the IFAS ANITA Mox can directly treat the effluent from the CEPT due to its robustness in dealing with influent with high sCOD/NH 4 -N ratio. Figure 5 presents the process performance of the mainstream IFAS ANITA Mox pilot since it has been started and connected to the C-stage MBBR outlet after the drumfilter. The IFAS influent characteristics were NH 4 =30-60 mgN/L, sCOD=60-90 mg/L and TSS=80-120 mg/L (Figure 5a and 5b) resulting in a sCOD/NH 4 -N ratio fluctuating between 1 and 2 ( Figure 5c ). As shown in Figure 5c , it took 30 days to reach a stable MLSS level in the IFAS around 3g/L. However, the initial MLSS accumulating in the IFAS contained mostly the TSS originating from the influent with no nitrification activity. The result is that it took another 20 days to build enough AOB in the suspended sludge. The Nloading rate reach 1.7 gN/m 2 .d on Day 50 with NH 4 and TIN removal efficiency of 80% and 70% respectively (Figure 5c and 5d ). An accidental loss of all the MLSS from the IFAS reactor occurred on Day 60 (i.e. accidental drainage of the IFAS reactor overnight) resulting in the loss of most nitrification activity as AOB prefer to be in the suspended sludge than in the biofilm (Figure 5c ). However, it took only 10 days for the MLSS to return to 3 g/L and for the AOB to recover resulting in the NH 4 -removal to recover to 1.0 gN/m 2 .d on Day 70. From Day 120 to 150, an issue with the aeration occurred (unstable air supply from blower leading to excessive aeration). As a result, the ratio NO 3 -N prod /NH 4 -N rem increased to reach 30% indicating important NOB activity in the system (Figure 5d ). After fixing the aeration issue, suspended sludge SRT was gradually reduced in the IFAS from 12d initially to 3d to selectively washout NOB from the system. As a result, MLSS in the reactor gradually decreased from 3 to 1.5 g/L (Figure 5c ) and the overall nitrification activity was temporarly impacted with relatively high NH 4 level in the reactor. However, after Day 190, the ratio NO 3 -N prod /NH 4 -N rem stabilised below 20% and NH 4 -removal recovered, reaching 0.8-0.9 gN/m 2 .d. The control strategy of low DO and low suspended sludge SRT was therefore successful to wash-out NOB from the IFAS reactor.
On Day 230, temperature control at 23°C in the IFAS was stopped to let the temperature drop naturaly with the start of the winter season ( Figure  5b ). After 50 days of operation below 20°C with current temperature being 17°C (minimum of 14-15°C expected at this site), ANITA Mox NH 4 -removal performance stabilised at 0.8gN/m 2 .d while the NO 3 -N prod /NH 4 -N rem ratio further decrease to around 15% indicating good NOB repression even at lower temperature. Final effluent composition during non-disturbed periods was NH 4 < 10 mgN/L, NO 3 < 5 mgN/L and NO 2 < 2 mgN/L (Figure 5b ). The residual NH 4 level in the IFAS was usually controlled to be > 5-10 mgN/L to avoid being substrate limited and also to promote AOB activity over NOB by having excess residual NH 4 . The optimization of the outlet NH 4 level will be further studied in this pilot but as described in Figure 1 , it is likely that a polishing step might be required after a mainstream deammonification system if stringent TKN and TN limits are required. Outlet sCOD levels were relatively constant, around 30 mg/L with most of it being refractory soluble COD while the TSS after the clarifier fluctuated between 15-35 mg/L (Figure 5a ). The performance of the pilot clarifier has not been optimized and the final TSS is not considered very meaningful at this scale. 
The results presented in this paper are very promising and additional trials and optimizations are already planned for this pilot IFAS ANITA Mox in the near future:
 Temperature will further decrease to a minimum of 14°C in the middle of the winter. Pilot performance will be monitored during this period.
 The current primary effluent obtained from the local WWTP conventional primary settler will be replaced by a drumfilter CEPT pilot with much higher TSS removal performance.
 The impact of removing the C-stage MBBR upstream of the mainstream IFAS reactor or of modifying it into a high-rate MBBR will be tested.
 A complete pilot-scale sludge treatment line is currently under commissioning and will soon be connected to the current mainstream pilot. This sludge line is composed of a sludge thickener for both primary and biological sludge and a 2m 3 sludge digester with ceramic membranes for dewatering. Once fully connected to the current IFAS ANITA Mox pilot, complete mass and energy balances will be made.
 Bioaugmentation trials will be performed once this 2 m 3 pilot-scale digester is commissioned in early 2015.
50m 3 IFAS ANITA Mox Prototype
After converting the 50m 3 ANITA Mox from its initial pure MBBR operation on sidestream reject water into mainstream IFAS operation on Day 0, the reactor was initially fed with a mixture of 50% HRAS mainstream effluent and 50% sidestream reject while the suspended sludge was slowly being enriched by AOB. The fraction of sidestream in the feed gradually decreased to reach only 5% by Day 90. As a result, the NH 4 level in the feed dropped from 300 mgN/L initially to the target 50 mgN/L for mainstream effluent. A bioaugmentation strategy with short, uneven, periods (i.e. 1-2 days) of 100% sidestream feed started on Day 90 before changing to a 2 day per week (weekend feed) after Day 190. Figure 6 presents the main process performance of the 50m 3 IFAS ANITA Mox prototype after Day 190, when the routine 2 day per week sidestream feed was implemented. The NH 4 level in the feed fluctuated between 40-60 mgN/L during mainstream feeding periods to 700-1000 mgN/L when only sidestream was fed (Figure 6a ). The temperature in the IFAS reactor was also impacted by the feeding regime fluctuating between 15-18°C during mainstream periods and 25-28°C when switching to sidestream (Figure 6b ).
The main initial focus of the IFAS ANITA Mox prototype was to make sure that strong NOB repression was in place with tight control of the aeration and SRT to keep a low NO 3 -N prod /NH 4 -N rem ratio. This initial strategy meant that overall Nremoval rate in the IFAS reactor and residual NH 4 level in effluent was not really optimized. Residual (Figure 6b and 6c ). During the short sidestream feeding periods, NH 4 -removal sharply increased to 3 gN/m 2 .d with more than 80% NH 4 removal demonstrating the resilient capacity of the anammox biomass on the carriers. The low DO aeration strategy together with the alternating feed strategy and SRT control were very successful to keep the ratio of NO 3 -N prod /NH 4 -N rem below 15% and efficiently repress the NOB activity (Figure 6c ). The MLSS in the IFAS reactor fluctuated between 3-7 g/L due to the large TSS variation in the feed triggered by the bad sidestream quality. The TSS level out of the clarifier fluctuated also between 10-50 mg/L for the same reason but the IFAS sludge settling characteristics were satisfactory with SVI value below 150 mL/g (data not shown).
These preliminary results from the first large-scale mainstream IFAS ANITA Mox prototype are very encouraging. The testing will continue with the intention of further optimization to improve results and demonstrate the system over extended operating times. The alternating feed strategy between sidestream and mainstream will be continued while the mainstream temperature in the IFAS reactor will keep decreasing until the end of the winter season. The aeration strategy will be adapted to achieve higher N-removal performances while making sure that NOB are still strongly suppressed. Despite all the potential further process optimization, the volumetric N-removal rate of 0.  Mainstream IFAS ANITA Mox has also been implemented in a 50m 3 prototype in Sweden after a HRAS process and the bioaugmentation strategy using alternating feed between sidestream and mainstream effluent has been tested. This strategy seems to be efficient in suppressing the NOB activity while achieving N-removal rates up to 0.2-0.3 kgN/m 3 .d at 16-18°C. This N-removal performance is already higher than what is commonly achieved in conventional BNR activated sludge systems.
Additional studies are already underway at both pilot-and prototype-scale to further demonstrate the advantage of this IFAS ANITA Mox process for mainstream deammonification application and how this process can be integrated in a general WWTP scheme to deliver all the foresee benefits on energy recovery and OPEX savings.
